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Swnmary - Six Meloidogyne incognila isolates with previously characterized genetic relationships were used to test the utility
of a 63 base-pair mitochondrial Variable Number Tandem Repeat (VNTR) as a marker for population studies. The polymerase
chain reaction (PCR) was used to amplify this locus and to measure copy number and allele frequencies of the 63 bp VNTR.
lndividual nematodes were typically heteroplasmic and maintained mirochondrial DNA (mtDNA) molecules containing up ro
thirteen distinguishable VNTR size classes. Each allele was composed of one ro 21 repeat copies. Hierarchical statistics revealed
that diversity was low (7%) among the isolates whereas 60% of the rotai genetic diversity measured for these six isolates resides
within individuals. Likelihood ratio tests revealed that diversity indices were independent of genetic relatedness and race desi-
gnation, limiting the utility of this locus for studies of population differentiation. As M. incognila is an obligate parthenogen,
paternal contribution ro heteroplasmy is excluded and diversity within individual nemarodes at this mtDNA locus is primarily
a consequence of mutation to different repeat copy numbers. © OrstomlElsevier, Paris
Résumé - Variabilité de longueur de l'ADN mitochondrial cirez des isolats de Meloidogyne incognita ayant des
relations génétiques établies: utilité pour l'étude des populations de nématodes - Six isolats de Meloidogyne incognila,
dont les relations génétiques ont été précédemment établies, sont utilisés pour tester l'utilité d'une (, répétition de tandems en
nombre variable» (VNTR) d'une valeur de 63 paires de bases mitochondriales comme marqueurs en vue d'étude de popula-
tions. La réaction en chaîne de polymérase (PCR) est utilisée pour amplifier ce locus et mesurer le nombre de copies et la
fréquence des allèles des VNTR à 63 paires de bases. Les individus du nématode sont typiquement hétéroplasmiques et conser-
vent des molécules d'ADN mitochondrial (mtDNA) contenant jusqu'à treize classes de VNTR ayant des tailles distinctes.
Chaque allèle est composé d'une à 21 copies répétées. La statistique hiérarchique révèle que la diversité entre isolats est faible
(7 %), tandis que 60 % de la diversité génétique totale mesurée pour ces six isolats provient de la diversité entre individus. Des
teSts de rapports aléatoires montrent que les indices de diversité sont indépendants de la parenté génétique et de la race, limi-
tant ainsi l'utilité de ce locus pour la différenciation des populations. M. incognila étant un organisme à parthénogenése obligée,
une contribution paternelle à l'hétéroplasmie est exclue; la diversité entre individus concernant ce locus du mtDNA est donc
en premier la conséquence de mutations conduisant à des nombres différents de copies répétées. © OrstomlElsevier, Paris
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The genetic structure of populations is typically
defined in quantitative terms by measuring how allele
frequencies are distributed among individual genomes
(Wright, 1922). Mitochondrial DNA (mtDNA) poly-
morphism has been successfully employed as a marker
for population and phylogenetic studies (Avise et al.,
1987; Harrison, 1989), in part due ta its rapid evolu-
tion, matrilineal inheritance patterns, apparent
absence of recombination (but see Lunt & Hyman,
1997) and an effective population size (Ne) one-
four th that of nuclear alleles. One type of polymor-
phism exhibited by mtDNA molecules is size varia-
tion, and previous studies have demonstrated that
mitochondrial genome size can differ within and
among individuals in populations (Rand, 1993).
Variation of this type is often the consequence of short
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repeated DNA segments, termed Variable Number
Tandem Repeats (VNTRs), duplicated to different
copy numbers within each mtDNA molecule. How
mitochondrial genomes carrying different sized
VNTR alleles become distributed among organismal
hierarchies (within individuals, among individuals in a
population, and between populations), can be ana-
Iyzed statistically (Birky el al., 1989) to draw infe-
rences regarding population structure and gene flow
(Rand & Harrison, 1989).
Hierarchical analysis using mitochondrial VNTRs
has now been applied to insect (Rand & Harrison,
1989), fish (Arnason & Rand, 1992; Cesaroni el al.,
1997) and mammalian (Wilkinson & Chapman,
1991) isolates, resuIting in a variety of conclusions
regarding structuring of these populations. However,
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these quantitative descriptions of population differen-
tiation were generated without a prior knowledge of
the genetic relationships between population samples
nor among the individuals that comprise them. When
employing a VNTR marker for the first time, it is
important to assess if analysis of that locus using hier-
archical statistics of allele frequencies is capable of
resolving known relationships. Given the rapid muta-
tion rate of VNTRs to different allele sizes (Rand &
Harrison, 1989) and the attendant concerns of homo-
plasy, it would be useful to apply this methodology to
a genetically defined model system and determine
whether ace urate descriptions of population differen-
tiation can be realized using isolates of known rela-
tionships.
The mitochondrial genome of Meloidogyne is a par-
ticularly suitable model for this purpose. Root-knot
nematode mtDNA molecules carry three sets of
VNTRs, unrelated in nucleotide sequence, with
repeat units that are eight, 63 and 102 base pairs (bp)
in length, respectively (Okimoto el al., 1991). Each
represents a polymorphie locus for which an inde-
pendent statistical trearment of mtDNA diversity can
be conducted. In this report, we exploit the develop-
ment of a PCR assay (Hyman & Whipple, 1996) to
investigate the diversiry of the 63 bp mitochondrial
VNTR in six M. incognila isolates that represent two
different host-races. Unlike previous studies involving
other organisms, the relationships among these six
nematode isolates are well-established (Roberts,
1995; Roberts el al., 1995), and provide a suitable
model system to rigorously test the predictive value of
this methodology for studying nematode population
differen tia tion.
Materials and rnethods
NEMATODES
Six M. incognila isolates of Californian origin, iden-
tified herein as A-F, were kindly provided by Dr
P. Roberts (Department of Nematology, UC-River-
side, CA, USA) and maintained on cowpea (Vigna
unguiculala [L.] Walp.) cv. CB46 (carrying the resist-
ance gene Rk), susceptible cv. CB3 (iacking Rk), or
susceptible tomato (Lycopersicum esculenlum [L.]
Mill.) cv. Tropic (lacking gene Ml) in the greenhouse
at 26°C. Isolates A (Indio, Riverside Counry) and C
(Patterson, Western Stanislaus County) are race 1;
isolate F (Poplar, Tulare County) is race 3. Isolates E
(Roberts el al., 1995) was descended from an original
field population sub-sampled from a resistant cowpea
plot (Denair, Eastern Stanislaus Counry) and is also
race 1. Ali race characterizations were based on the
NCSU host differential test.
Isolate E was propagated in the greenhouse on sus-
ceptible tomato for over 4 years. During this time
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virulence on resistant cowpea diminished, resulting in
a less virulent isola te (D) (Roberts, 1995). When D
was returned to resistant cowpea and continuously
maintained, virulence returned to levels approaching
that of the original field subsample; this renewed viru-
lent isolate is termed B (M. Petrillo & P. Roberts,
unpubl.). Virulence was measured by comparing pro-
duction of egg masses on resistant (Rk+) plants to
susceptible plants.
To obtain the most unbiased survey of each isola te,
individual nematodes were randomly picked from
pooled J2 preparations that had been propagated on
multiple host plants. Possible genetic bottlenecks
imposed by analysis of siblings within single egg
masses were avoided by this sampling regime.
DNA EXTRACTION AND PCR AMPLIFICATION
DNA was obtained from individual J2 by macera-
tion in chilled 0.5 ml centrifuge tubes containing 10111
of sterile water, and with the exception of sorne con-
trol experiments (below) the entire sample used as
template for PCR amplification. The sequences of the
forward and reverse primers were 5'-CTATTTTAA-
AGTTATCGACTG-3' and 5' -CCTAAAGACTTT-
TTATCCTAAC-3', respectively. The forward primer
specifically anneals with to a noncoding region fifteen
bp upstream of the 63 bp repeating unit array while
the reverse primer binds five bp downstream of the
VNTR within the mitochondrial tRNAmet gene
(Hyman & Whipple, 1996). PCR products were elec-
trophoretically fractionated on Tris-Acetate-EDTA
buffered (Maniatis el al., 1982) 2% (w/v) MetaPhor
agarose gels (FMC, Rockland, MD, USA). DNA was
visualized by ethidium bromide staining (1 Ilg/ml) and
illumination with a Fotodyne 3-3000 UV transillumi-
nator.
Fidelity and reproducibiliry of the PCR amplifica-
tions have been addressed in an exhaustive series of
control experiments (Whipple, 1997). Duplicate reac-
tions using aliquots of the same extract produced
identical amplification products. A systematic varia-
tion of template concentration and cycle number also
indicated that our results are robust ta any potential
sources of artifact.
DENSlTOMETRY AND STATISTICAL ANALYSIS
Experimental and statistical methodologies were
described previously in an expanded format (Hyman
& Whipple, 1996). In summary, digitized images of
ethidium bromide stained MetaPhor gels were cap-
tured electronically with a GAS 4000 Gel Documen-
tation System (EverGene, Taiwan). Intensities of
DNA bands were measured using ImageQuaNT 4.1
densitometry software (Molecular Dynamics, Sunny-
yale, CA, USA). Hierarchical statistics were used to
analyze band frequencies according ta previously
Fllndam. appl. Nemawl.
Mùoehondn'a/ DNA /ength variation in Meloidogyne incognira iso/aœs
described methods (Birky et al., 1989; Rand & Harri-
son, 1989). K statistics provide a measure of genetic
diversity within an individual (Kb) and among indi-
viduals within a population (Kc); C statistics predict at
which hierarchical level (Ci' within an individual; C
,f,
among individuals within a population; Cpt> between
populations) genetic diversity is most likely to occur.
Results
PCR AMPLIFICATION OF THE 63 BP MTDNA VNTR
PCR amplification of the 63 bp mtDNA VNTR
locus using DNA template derived from individual
M. incognila J2-stage nematodes generated multiple
products; examples for isola te 0 are shown in Fig. 1.
When sized by gel electrophoresis, each band differed
in size from its adjacent neighbor by 63 bp. The large
collection of PCR products amplified in each reaction
indicated that individual nematodes are heteroplasmic
and maintain a complex collection of 63 bp VNTR
alleles.
HIERARCHICAL ANALYSIS OF ALLELE FREQUENCY
DISTRIBUTION
Allele frequencies were measured from individual
J2-stage nematodes comprising isolates A-F. Variation
of allele copy number ranges and frequencies were
observed among a11 six isolates (Fig. 2). Table 1
presents a quantitative treatment of these allele fre-
quency data, including measurements of hetero-
plasmy and apportionment of diversity at the 63 bp
VNTR locus into genetic hierarchies. Among these six
isolates, the 63 bp VNTR locus contained as few as
one repeat copy (isolates B, C, D, F) to as many as
21 tandem repeats (isolate C). The frequency of
homoplasmic individuals (f[h]), varies considerably
(0 to 33%) among these six isolates.
Using calculated mean K b and Kc values, hierarchi-
cal structure (C-statistics) across ail six isolates of
M. incognila was assessed. Most of the genetic diver-
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Fig. 1. Genetie diversùy of the 63 bp mtDNA VNTR wùhin Meloidogyne incognita indivldua/s. Cellu/ar DNA extraeœdfrom seven
differenr M. incognira (iSO/ale D) individua/s was used as œmp/aœ in FCR reaelions lO amp/ify the 63 bp VNTR. Amplzjication produelS
were fractionaœd on a 2% i\1etaFhor agarose gel. Lane 1, pBR322/Hae III mo/ecu/ar size standard; fane 2, 123 bp /adder mo/eeu/ar
size standard; fanes 3-9, FCR amphjication produets from individua/ nemalOdes. VNTR eopy numbers are denoted a/ong the right
eo/umn.
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Discussion
P < 0.001). Consistent with simple inspection of the
allele frequency distributions (Fig. 2), quantitative
treatment of this data reveals that this group of six iso-
lates is not homogenous.
To compare the effects of genetic relatedness on
allele frequency distribution, the six isolates were split
into two groups of three. One group consisted of sam-
pies A, C and F which originated from field isolates of
wide biogeographic separation. These samples repre-
sent rwo different host races, and are therefore of
distant shared ancestry. The second group was com-
posed of isolates B, D and E which are characterized
by documented recent shared ancestry and are of very
close genetic relationship. These rwo groups were
then compared after averaging the frequency distribu-
tions of the isolates within groups. Differences in
allele frequencies berween the genetically related and
less-related groupings were not statistically significant
(G = 22.18, d.f = 14,0.05 < P < 0.10). This result
indicates that both sets of isolates carried a similar
collection of 63 bp VNTR alleles maintained at com-
parable frequencies, and that sub-sampling of this sort
does not introduce a bias into our analyses.
A critical test of the VNTR methodology is ta inde-
pendently measure allele frequency distributions
among the genetically related and among the more
distant isolates. A prediction of this analysis is that
distantly related isolates would reveal significant dif-
ferences in allele frequency distributions, whereas the
very closely related isolates would not. For this pur-
pose, a G test was carried out to compare frequency
distributions among isolates within each group. The
three distantly related isolates (A, C, F) showed a
significanr difference in their frequency distributions
(G = 147.623, d.f = 26, P < 0.001). The group of
genetically related isolates B, D, and E unexpectedly
revealed a level of heterogeneity (G = 120.272,
d.! =24, P < 0.001) nearly equivalent to that of the
distantly related isolates.
EXTENSIVE MTDNA HETEROPLASMY
IN M. INCOGNITA
Heteroplasmy is the presence of multiple mtDNA
forms within individuals. With the application ofPCR
to mtDNA analysis, heteroplasmy resulting from the
presence of shon mtDNA VNTRs now appears to be
a common occurrence (Rand, 1993). Surveys of
mtDNA VNTRs among populations of organisms
representing wide taxonomic distances, including bats
(Wilkinson & Chapman, 1991), crickets (Rand &
Harrison, 1989), sturgeon (Brown et al., 1992), cod
(Arnason & Rand, 1992) and sea bass (Cesaroni et al.,
1997) reveal frequencies of heteroplasmic individuals
ranging from 42-100%. In this study, we have found
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Fig. 2. Comparison of 63 bp al/ele frequencies among six repre-
semacive Meloidogyne incognita isolaces (Abcissa, number of
repeac copies; ordinale; frequency of al/ete in each isolace as mea-
sured by quancùalive densiwmecry of ?CR amplificalion pro-
duas).
sity found in the grand pool is associated with individ-
ual nematodes (Ci = 0.58), whereas within-isolate
diversity (C,/> = 0.35) contributes one-third of the
total genetic diversity to this data set (Table 1).
A modest diversity level (Cpt =0.07) can be attributed
to divergence between the six different M. incognita
isolates.
GENETIC RELATEDNESS DOES NOT INFLUENCE
ALLELE FREQUENCY VARIATION
o 0-+--r~M'-~
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A statistical comparison employing the likelihood
ratio test, or G-test (Sokal & Rohlf, 1987), was used
to test if differences in allele frequency distributions
among these six isolates were statistically significant.
The first comparison was among ail six M. incognita
isolates, A-F, with the G-test revealing a significant
difference in the frequency distributions of VNTR
alleles within this data set (G = 343.298, d.! = 70,
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Table 1. Hierarchical analysis of 63 base pair mlDNA VNTRs in six Meloidogyne incognita isolales.
Isolate Race na Allelle size classesb f(h)C K b range Mean K b K~
A 1 8 4-11 0.25 0-0.86 0.45 0.78
B 1 12 1-12 0.08 0-0.81 0.53 0.72
C 1 12 1-21 0.33 0-0.85 0.37 0.84
D 1 7 1-13 0.00 0.44-0.83 0.69 0.85
E 1 11 4-13 0.18 0-0.77 0.47 0.75
F 3 12 1-14 0.17 0-0.90 0.47 0.69
mean K b =0.48 Ci =0.58
mean K c =0.77 C ip =0.35
K, =0.83d Cp, =0.07
a Number of individuals sampled.
b 63 bp repeat copy number.
c Frequency ofhomoplasmic individuals.
that over 80% of the root-knot nematodes analyzed
are heteroplasmic. It has been suggested that mainte-
nance of mtDNA heteroplasmy in animal cells is a
consequence of paternal leakage and mutation to dif-
ferent VNTR copy numbers (Rand & Harrison, 1989;
Brown el al., 1992). M. incognita is the first obligate
parthenogen to be analyzed in this fashion, and pater-
nal contribution can be excluded from this system. As
a consequence, mutation to different 63 bp repeat
copies is the primary mechanism by which size-varia-
ble heteroplasmy is generated and maintained in root-
knot nematodes.
We have observed a complex set of VNTRs in ail
isolates of root-knot nematodes analyzed using our
PCR assay (Hyman & Whipple, 1996; this study).
These results are in conflict with those of Okimoto
el al. (1991), who reported a considerably reduced
spectrum of 63 bp VNTR alleles using DNA hybri-
dization. In this earlier study, when bulked DNA
samples prepared from several M. incognita and
M. javanica populations were tested, a single band
was often observed. This suggested apparent homo-
plasmy of a specific 63 bp allele in these root-knot
nematode isolates. The sensitivity of detection availa-
ble by PCR, hybridization conditions, or other techni-
cal factors may have contributed to these competing
observations.
POPULATION BIOLOGY CONSIDERATIONS
Several molecular approaches (reviewed in Caswell-
Chen el al., 1993; Hyman & Whipple, 1996) includ-
ing RAPD methodology, nuclear and mtDNA RFLP
analysis, and nuclear satellite DNA characterization,
have recently been evaluated to examine the popula-
tion stucture of phytonematodes. To study genetic
diversity from the level of the individual and upwards,
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analysis of single nematodes is necessary. This
requires the use of PCR as an alternative molecular
approach, where the small amount of DNA present in
an individual }2 is limiting. It has been previously
demonstrated (Hyman & Whipple, 1996) that PCR
results obtained from individual nematodes are con-
sistent with amplification profiles obtained from
pooled nematodes of the same isola te.
Analysis of representative individuals from each iso-
late, selected from a pool derived from multiple plant
hosts, is a necessary feature of our sampling regime.
Previous studies have revealed that the mean mtDNA
diversity at the 63 bp VNTR among siblings within an
egg mass (K~ = 0.44; Whipple, 1997) is dramatically
reduced when compared to the same measure
(Kc =0.77) obtained using the broader sampling
employed here (Table 1). This result is consistent with
an anticipated genetic bottleneck in a mother-off-
spring pair, and indicates that a substantial bias in our
data would have been introduced if egg masses were
exclusively analyzed.
K-statistics describe the probability of sampling two
different alleles from a mtDNA pool, and provide a
useful measure of genetic diversity at all hierarchical
levels: within individuals, among individuals within a
population, and among populations. This type of sta-
tistical analysis has been successfully applied to
mtDNA VNTRs amplified by PCR. Average within-
individual diversity (Kb) levels are observed to be rela-
tively low for bats (Wilkinson & Chapman, 1991),
crickets (Rand & Harrison, 1989), and sturgeon
(Brown el al., 1992), with values ranging from 0.13 to
0.18. I~ contrast, K b estimates are elevated in cod
(0.51; Arnason & Rand, 1992) and the root-knot
nematodes (0.50) studied here (Table 1). Moreover,
total diversity (K) is measured to be 0.83 (Table 1)
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for these same M. incognita isolates, a level higher than
that published for any other organism (0.47-0.76).
These elevated diversity levels are likely to be a conse-
quence of the complex spectrum of mtDNA size
classes maintained within an individual nematode
(Fig. 1). Root-knot nematodes analyzed in the present
study can carry up ta thirteen easily de tee table 63 bp
VNTR alleles (Fig. 1, lane 7), most probably a result
of high mutation rates ta different copy numbers at
the 63 bp VNTR locus.
Maintenance of diversity within individu ais is
thought ta occur by rapid changes in VNTR copy
number that overcome processes which tend to
homogenize mtDNA populations. These include pre-
ferential replication of selected mtDNA haplotypes
and drift during vegetative germ line cell divisions,
which jf not countered, would ultimately result in fix-
ation of different mtDNA forms within individuals
(Birky el al., 1989). While the present data cannot dis-
criminate among the relative combination of these
factors, the maintenance of extensive heteroplasmy
indicates that the rate of mutation to different 63 bp
repeat copies exceeds the effects of mechanisms that
drive homoplasmy.
Likelihood ratio tests (Sokal & Rohlf, 1987) reveal
differences in allele frequency distributions that are
significant among the six M. incognita isolates. This
variation can be explained in part by a diminished
ability to found new lineages within geographically
separate isolates of sedentary endoparasites, where
migration is negligible and dispersal is reliant on sta-
chas tic mechanical strategies. C-statistics (Table 1)
apportion diversity into hierarchical levels, and pro-
vide a quantitative measure as to which population
level (within individuals, among individuals within a
population, or among populations) genetic variation
occurs. For the 63 bp mtDNA VNTR, this method
reveals that 58% of the diversity lies within M. inco-
gnùa individuals (C,), while 35% resides among indi-
viduals within an isolate (C,'p)' CPl is useful in deter-
mining the relative amounts of variation among
populations and contributes only 7% (Table 1) to the
total mtDNA diversity. This value for C;Pl is entirely
consistent with the RFLP study of Hugall el al.
(1994), where low population diversity was demon-
strated among Australian Meloidogyne populations
using mtDNA RFLP techniques. With the addition of
this data set ta those now available (Hugall el al.,
1994; Cesaroni el al., 1997), low but quantitatively
significanr differences in mtDNA VNTR allele fre-
quency distributions observed among populations
appears ta be an emergent trend.
Our results now permit a useful consideration of
hierarchical statistics as a methodology to examine
root-knot nematade population differentiation. The
experimental design of this study employed sorne iso-
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lates of known genetic relatedness. Unexpectedly,
likelihood analysis revealed that in the most crucial
tests, which involved pairings among isolates with
greater or with lesser relatedness, allele frequency dis-
tributions generated differences that were significant.
This result was not anticipated, in that isolates of
recent shared ancestry (B, E, D) might be expected to
reveal a more similar range of allele sizes and fre-
quency distributions relative to distantly related popu-
lations (A, C, F). That equivalent levels of repeat copy
number divergence was involved in pooled data sets
incorporating isolates B, E and D and independently
A, C, and F calls into question the utility of hierarchi-
cal methodology at the 63 bp VNTR locus for exam-
ining Meloidogyne population structure. A similar
conclusion was independently drawn in a recent study
(Cesaroni el al., 1997) that used mtDNA VNTRs tO
examine differentiation among European sea bass
populations, but without the advantage of supportive
information on genetic relationships that the present
work provides.
Hyman and Whipple (1996) first evaluated the uti-
Iity of a PCR-based assay targeting the 63 bp mtDNA
VNTR ta analyse root-knot nematode population dif-
ferentiation. Stanton el al. (1997) employed an identi-
cal strategy to examine a small number of Australian
Meloidogyne isolates, and concluded that while the
variability at this mtDNA region looked promising, a
more comprehensive study is necessary to confirm the
stability of this locus as a useful genetic marker. The
more detailed analysis contributed by the present
work suggests the 63 bp VNTR alleles mutate to dif-
ferent copy numbers at a rapid rate. As such, homo-
plasy may obscure our ability to interpret data of this
sort in the context of population structure. This locus,
however, is one of three VNTRs found in the Meloi-
dogyne mitachondrial genome, and preliminary evi-
dence indicates the 102 bp VNTR is murating ta dif-
ferent sized alleles at a rate two- to three-fold less than
that of the 63 bp repeat array (D.H. Lunt & Re.
Hyman, unpubl.). We are currently evaluating this
locus as a suitable marker for inferring the structure of
root-knot nematade populations.
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